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�Íàøè� Íîáåëåâñêèå ïðåìèè çà 20 ëåò

1992: to Georges Charpak "for his invention and development of
particle detectors, in particular the multiwire proportional
chamber"

1993: jointly to Russell A. Hulse and Joseph H. Taylor Jr. "for
the discovery of a new type of pulsar, a discovery that has
opened up new possibilities for the study of gravitation"

1995: "for pioneering experimental contributions to lepton
physics"jointly with one half to Martin L. Perl "for the
discovery of the tau lepton"and with one half to Frederick
Reines "for the detection of the neutrino".

1998: fractional charge excitations

1999: jointly to Gerardus 't Hooft and Martinus J.G. Veltman
"for elucidating the quantum structure of electroweak
interactions in physics"

Äìèòðèé Ãîðáóíîâ (ÈßÈ) 23 îêòÿáðÿ 2012 ÊÔ×Ê, Ôèçôàê, ÌÃÓ 4 / 50



Ôèçèêà ÷àñòèö è êîñìîëîãèÿ: 20 ëåò
ИI
ЯN
ИR

�Íàøè� Íîáåëåâñêèå ïðåìèè çà 20 ëåò

2001: Bose-Einstein condensate

2002: divided, one half jointly to Raymond Davis Jr. and Masatoshi
Koshiba "for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos"and the other
half to Riccardo Giacconi "for pioneering contributions to
astrophysics, which have led to the discovery of cosmic X-
ray sources"

2003: theory of superconductors and super�uids

2004: jointly to David J. Gross, H. David Politzer and Frank
Wilczek "for the discovery of asymptotic freedom in the
theory of the strong interaction"

2005: coherence in scattering
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà 20 ëåò

2006: jointly to John C. Mather and George F. Smoot "for their
discovery of the blackbody form and anisotropy of the cosmic
microwave background radiation"

2008: one half awarded to Yoichiro Nambu "for the discovery of the
mechanism of spontaneous broken symmetry in subatomic
physics the other half jointly to Makoto Kobayashi and
Toshihide Maskawa "for the discovery of the origin of the
broken symmetry which predicts the existence of at least
three families of quarks in nature"

2011: one half awarded to Saul Perlmutter, the other half jointly to
Brian P. Schmidt and Adam G. Riess "for the discovery of the
accelerating expansion of the Universe through observations
of distant supernovae"
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

äàëüíîäåéñòâèå

10−13 ñì êîðîòêîäåéñòâèå 10−16 ñì
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100 ëåò ôèçèêå ÷àñòèö: êîñìè÷åñêèå ëó÷è !

Îòêðûòèå: Âèêòîð Ãåññ, 1912ã.

Ñïîíòàííûé ýëåêòðè÷åñêèé òîê â
ãàçàõ

Íàáëþäàëñÿ äàæå â ñâèíöîâîé êàìåðå

Òîê ðàñò¼ò ñ âûñîòîé! ↗5300ì
Ýôôåêò íå îò Ñîëíöà!

1932ã. îòêðûò ïîçèòðîí e+ �àíòè�

1937ã. îòêðûòû ìþîíû µ+ µ− è èõ
ðàñïàä 2-å ïîêîëåíèå

1947ã. îòêðûòû π-ìåçîíû àäðîíû,
ìíîæåñòâåííîå ðîæäåíèå

1955ã. îòêðûòû K -ìåçîíû è
íåéòðàëüíûå ãèïåðîíû �ñòðàííîñòü�
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Òåîðåòè÷åñêèå ïðåìèè ïî ÑÌ

Çà öâåò è òðè ïîêîëåíèÿ
2008: one half awarded to Yoichiro Nambu "for the discovery of the mechanism of
spontaneous broken symmetry in subatomic physics the other half jointly to Makoto
Kobayashi and Toshihide Maskawa "for the discovery of the origin of the broken
symmetry which predicts the existence of at least three families of quarks in nature

Çà êîíôàéíìåíò â ñèëüíûõ âçàèìîäåéñòâèÿõ
2004: jointly to David J. Gross, H. David Politzer and Frank Wilczek "for the
discovery of asymptotic freedom in the theory of the strong interaction

Ñàìîñîãëàñîâàííîñòü êâàíòîâî-ïîëåâîãî îïèñàíèÿ òåîðèè ñî
ñïîíòàííî-íàðóøåííîé êàëèáðîâî÷íîé ñèììåòðèåé (õèããñîâñêèé ìåõàíèçì)
1999: jointly to Gerardus 't Hooft and Martinus J.G. Veltman "for elucidating the
quantum structure of electroweak interactions in physics
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

1 2 3 ← ïîêîëåíèÿ

md −mu ≈ 5me , mn−mp ≈ 3me

äîëãîæèòåëü: ìþîí τµ ∼ 10−6 ñ

Ïî÷åìó ñòîëü ðàçëè÷íûå
ìàññû???

Ïî÷åìó 2- è 3-ãî ïîêîëåíèé
íåò â ïîâñåäíåâíîé æèçíè?

íåéòðîí

ïðîòîí

Ñïàñèáî
ñëàáûì âçàèìîäåéñòâèÿì!
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Äåòåêòèðîâàíèå ÷àñòèö: 1992 to Georges Charpak

"for his invention and development of particle detectors, in particular
the multiwire proportional chamber"
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Ïðåìèè çà íåéòðèíî

1992: to Georges Charpak "for his invention and development of
particle detectors, in particular the multiwire proportional
chamber"

1995: "for pioneering experimental contributions to lepton
physics"jointly with one half to Martin L. Perl "for the
discovery of the tau lepton"and with one half to Frederick
Reines "for the detection of the neutrino"

2002: divided, one half jointly to Raymond Davis Jr. and Masatoshi
Koshiba "for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos"and the other
half to Riccardo Giacconi "for pioneering contributions to
astrophysics, which have led to the discovery of cosmic X-
ray sources"
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Îñöèëëÿöèè ñîëíå÷íûõ íåéòðèíî: νe→ νµ

Ñîëíöå: p + p→ 2H + e+ + νe Çåìëÿ: 71Ga + νe→ 71Ge + e−
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Îñöèëëÿöèè àòìîñôåðíûõ íåéòðèíî: νµ → ντ

×åðåíêîâñêèé
ñâåò îò e è µ

(v÷àñòèöû <
c â ñðåäå )

Ïîòîêµ ↑<Ïîòîêµ ↓

Ïîòîêe ↑= Ïîòîêe ↓
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Ïðîâåðêè Ñòàíäàðòíîé ìîäåëè

ðàñïàäû ÷àñòèö: µ → eν̄eνµ , Z → µ+µ−

ðàññåÿíèÿ ÷àñòèö:

Ïðîâåðêè ïðåäñêàçàíèé ÑÌ
Ïðîâåðêè ïðåäñêàçàíèé å¼ ìîòèâèðîâàííûõ îáîáùåíèé

Ðåãóëÿðíî îáíîâëÿåìàÿ äîñòîâåðíàÿ èíôîðìàöèÿ

http://pdg.lbl.gov
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Ïðåìèè ïî àñòðîôèçèêå è êîñìîëîãèè

Çà âîçìîæíîñòü ïðîâåðêè ãðàâèòàöèè
1993: jointly to Russell A. Hulse and Joseph H. Taylor Jr. "for the
discovery of a new type of pulsar, a discovery that has opened up new
possibilities for the study of gravitation

Çà àíèçîòðîïèþ CMB
2006: jointly to John C. Mather and George F. Smoot "for their
discovery of the blackbody form and anisotropy of the cosmic
microwave background radiation

Çà óñêîðåííîå ðàñøèðåíèå (ò¼ìíóþ ýíåðãèþ)
2011: one half awarded to Saul Perlmutter, the other half jointly to
Brian P. Schmidt and Adam G. Riess "for the discovery of the
accelerating expansion of the Universe through observations of distant
supernovae
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Îñíîâíûå ïðåäñòàâëåíèÿ î Âñåëåííîé: ðàñøèðÿåòñÿ

Äîïïëåðîâñêîå �ïîêðàñíåíèå� ñâåòà L ∝ a(t)

n ∝ a−3(t)

H(t) = ȧ(t)
a(t)

ïàðàìåòð
Õàááëà

çàêîí
Õàááëà

H(0) r = vr
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Íàøà Âñåëåííàÿ: îäíîðîäíà è èçîòðîïíà
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Âñåëåííàÿ çàïîëíåíà �ãîðÿ÷èìè� ôîòîíàìè
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Âûâîäû èç íàáëþäåíèé

Èòàê, Âñåëåííàÿ îäíîðîäíà, èçîòðîïíà,
ðàñøèðÿåòñÿ è �ãîðÿ÷àÿ�...

Âûâîäû
èíòåðâàë ìåæäó ñîáûòèÿìè ìîäèôèöèðóåòñÿ

∆s2 = c2 ∆t2−a2 (t)∆~x2

â ÎÒÎ ðàñøèðåíèå îïèñûâàåòñÿ óðàâíåíèåì Ôðèäìàíà

(
ȧ
a

)2

= H2 (t) =
8π

3
G ρ

ïëîòíîñòü
ýíåðãèè

ρ
ïëîòíîñòü
ýíåðãèè = ρðàäèàöèÿ + ρ

îáû÷íîå
âåùåñòâî + ρ

ò¼ìíàÿ
ìàòåðèÿ + . . .

â ïðîøëîì Âñåëåííàÿ áûëà �ïëîòíåå� è �ãîðÿ÷åå�, áûëà
ýëåêòðîìàãíèòíàÿ ïëàçìà

ρâåùåñòâî ∝ 1/a3(t) , ρðàäèàöèÿ ∝ 1/a4(t)

íàä¼æíî çíàåì âïëîòü äî T ∼ 1ÌýÂc2/k ∼ 10ìëðä.Ê
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Èçìåðåíèå a(t) äà¼ò ñîñòàâ ñîâðåìåííîé Âñåëåííîé

∆s2 = c2 ∆t2−a2 (t)∆~x2 Èçìåíÿåòñÿ çàêîí ðàñïðîñòðàíåíèÿ ñâåòà
Êàê ìû åãî ïðîâåðÿåì?
Èçìåðÿÿ ðàññòîÿíèå L äî îáúåêòà!

Èçìåðÿÿ óãëîâîé ðàçìåð θ îáúåêòà èçâåñòíîãî ðàçìåðà d
îäíîòèïíûå ãàëàêòèêè

θ =
d
L

Èçìåðÿÿ óãëîâîé ðàçìåð θ(t) cîîòâåòñòâóþùèé èçâåñòíî êàê èçìåíÿþùåìóñÿ
ðàçìåðó d(t)

θ(t) =
d(t)

L

Èçìåðÿÿ ÿðêîñòü îáúåêòà J çàäàííîé ñâåòèìîñòè F �ñòàíäàðòíûå ñâå÷è�

J =
F

4π L2

Â ðàñøèðÿþùåéñÿ Âñåëåííîé âñå ýòè çàêîíû ìîäèôèöèðóþòñÿ
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Ðåçóëüòàòû �èçìåðåíèé ðàññòîÿíèé�
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Ôèçèêà ÷àñòèö è êîñìîëîãèÿ: 20 ëåò
ИI
ЯN
ИR

Ðîëü ò¼ìíîé ìàòåðèè â îáðàçîâàíèè ñòðóêòóð

Ðåëèêòîâîå èçëó÷åíèå íå ñîâñåì èçîòðîïíî.

1 Äâèæåíèå Çåìëè îòíîñèòåëüíî
ÐÈ

∆Täèïîëü
T

∼ 10−3

2 Åñòü áîëåå ñëîæíàÿ
àíèçîòðîïèÿ!

∆T
T
∼ 10−4−10−5

Áûëè íåîäíîðîäíîñòè âåùåñòâà ∆ρ/ρ ∼∆T/T
â ýïîõó ðåêîìáèíàöèè � îáðàçîâàíèÿ
âîäîðîäà

Ãðàâèòàöèîííàÿ (äæèíñîâñêàÿ)
íåóñòîé÷èâîñòü ñèñòåìû ïîêîÿùèõñÿ ÷àñòèö
=⇒ ∆ρ/ρ ↗ =⇒ ãàëàêòèêè

Îäíè áàðèîíû íå óñïåëè áû! Ïîñëå
ðåêîìáèíàöèè îíè �ñâàëèâàþòñÿ� â
ãðàâèòàöèîííûå ÿìû, îáðàçîâàííûå ò¼ìíîé
ìàòåðèåé.
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Ôèçèêà ÷àñòèö è êîñìîëîãèÿ: 20 ëåò
ИI
ЯN
ИR

Äàííûå èç êîñìîëîãèè

0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

F
la
tBAO

CMB

SNe

No Big Bang

îöåíêà ìàññû â ãàëàêòèêàõ, ñêîïëåíèÿõ è
äðóãèõ ñòðóêòóðàõ

ïîïðàâêè ê çàêîíó Õàááëà : ñâÿçü ìåæäó
êðàñíûì ñìåùåíèåì è êðèâûìè áëåñêà äëÿ
�ñòàíäàðòíûõ ñâå÷� (SNe Ia)

àíèçîòðîïèÿ ÐÈ, ðàñïðîñòðàí¼ííîñòü
ñòðóêòóð (BAO, è äð.)

ρ
ïëîòíîñòü
ýíåðãèè (t0)≡ ρc ≈ 0.53×10−5 ÃýÂc2

ñì3

âêëàä ÐÈ: Ωγ ≡
ργ

ρc
= 0.5×10−4

Âêëàä áàðèîíîâ (âîäîðîä, ãåëèé): ΩB ≡ ρB
ρc

= 0.046

Âêëàä íåéòðèíî: Ων ≡
∑ρνi

ρc
< 0.01

Âêëàä ò¼ìíîé ìàòåðèè: ΩDM ≡ ρDM
ρc

= 0.23
Âêëàä ò¼ìíîé ýíåðãèè: ΩΛ ≡ ρΛ

ρc
= 0.73
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
ИI
ЯN
ИR

Ïëàí

1 Ôèçèêà ÷àñòèö è êîñìîëîãèÿ: îòêðûòèÿ çà ïîñëåäíèå 20 ëåò

2 �Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
ИI
ЯN
ИR

Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

×òî áóäåò èíòåðåñíî?

Áîçîí Õèããñà!

Íåéòðèííûé ñåêòîð!

Âîçìîæíûå ïðåìèè

Çà ïðåäñêàçàíèå ÷àñòèöû:
áîçîí Õèããñà

Çà õèããñîâñêèé
ìåõàíèçì:. . . XX ëåò

Íåéòðèííûå îñöèëëÿöèè:
âàêóóì è âåùåñòâî (Ñîëíöå)

Îïðåäåëåíèå ìàññ íåéòðèíî
(2013?)
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
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ЯN
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Ýëåìåíòàðíûå ÷àñòèöû è âçàèìîäåéñòâèÿ ìåæäó íèìè

×òî áóäåò èíòåðåñíî?

Áîçîí Õèããñà!

Íåéòðèííûé ñåêòîð!

Âîçìîæíûå ïðåìèè

Çà ïðåäñêàçàíèå ÷àñòèöû:
áîçîí Õèããñà

Çà õèããñîâñêèé
ìåõàíèçì:. . . XX ëåò

Íåéòðèííûå îñöèëëÿöèè:
âàêóóì è âåùåñòâî (Ñîëíöå)

Îïðåäåëåíèå ìàññ íåéòðèíî
(2013?)
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
ИI
ЯN
ИR

LHC â ãëàâíûõ öèôðàõ

Äîñòèãíóòî â pp ñòîëêíîâåíèÿõ

Epp = 8 ÒýÂ∫
Lpp dt ∼ 15 ôáàðí−1

Ïëàíèðóåòñÿ äîñòè÷ü

Epp = 14 ÒýÂ

Lpp = 100 ôáàðí−1ãîä−1

∼ 109 pp-ñòîëêíîâåíèé â
ñåêóíäó

NB: Epp↗ =⇒ Lpp↗
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
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LHC â ãëàâíûõ öèôðàõ

Äîñòèãíóòî â pp ñòîëêíîâåíèÿõ

Epp = 8 ÒýÂ∫
Lpp dt ∼ 15 ôáàðí−1

Ïëàíèðóåòñÿ äîñòè÷ü

Epp = 14 ÒýÂ

Lpp = 100 ôáàðí−1ãîä−1

∼ 109 pp-ñòîëêíîâåíèé â
ñåêóíäó

NB: Epp↗ =⇒ Lpp↗
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
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ЯN
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Ìåõàíèçì Õèããñà: ñïîíòàííîå íàðóøåíèå

SU(3)s×SU(2)w ×U(1)Y −→ SU(3)s×U(1)em

H : (0,2,1)−→ 〈H†H〉=
υ2

2

L self = DµH†DµH−λ

(
H†H− υ2

2

)2

DµH ≡
(

∂µ − ig
τa

2
V a

µ − ig′
YH

2
Aµ

)
H

óíèòàðíàÿ êàëèáðîâêà: H =

(
0

υ√
2

+ h√
2

)
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
ИI
ЯN
ИR

Êàê ïðîâåðèòü ðîëü áîçîíà Õèããñà?

óíèòàðíàÿ êàëèáðîâêà: H =

(
0

υ√
2

+ h√
2

)

DµH†DµH −→ g2

4
h2|W−

µ |2 +
g2 + g

′2

8
h2ZµZ µ

+
g2

2
υh|W−

µ |2 +
g2 + g

′2

4
υhZµZ µ

Yf Hf̄ f −→ Yf hf̄ f/
√

2 =
mf

υ
hf̄ f

×èñëåííî:
g ≈ 0.5, g′ ≈ 0.3, Yf = 10−6−10−2, Yb ≈ 1/60, Yt ≈ 0.6

1 Íîâàÿ (5-ÿ) êîðîòêîäåéñòâóþùàÿ ñèëà:
Þêàâñêèé ïîòåíöèàë ìåæäó ìàññèâíûìè ÷àñòèöàìè!

2 Óíèòàðíîñòü â WW →WW
3 Óíèòàðíîñòü â f f̄ →WW
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
ИI
ЯN
ИR

Ïåðñïåêòèâà: Ïðîâåðêà ìåõàíèçìà ïîëó÷åíèÿ ìàññ

ht̄t :

 [GeV]Hm
110 120 130 140 150 160 170 180 190

(H
,X

)
2

g
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,X
)

2
 g∆
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1
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)τ(H,2g
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without Syst. uncertainty

2 Experiments
-1

 L dt=2*30 fb∫

 [GeV]Hm
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g
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)

2
 g∆

0
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2 Experiments
-1

 L dt=2*300 fb∫
-1WBF: 2*100 fb

hWW :
h→W +W−

hZZ :
h→ ZZ
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
ИI
ЯN
ИR

Ïåðñïåêòèâà: Ïðîâåðêà ìåõàíèçìà ñïîíòàííîãî
íàðóøåíèÿ ýëåêòðîñëàáîé ñèììåòðèè

h3 , h4: ÒÎËÜÊÎ h∗hh: pp→ hh + . . .

−1.1 <∆λhhh < 1.6 LHC (14TeV), Lpp = 600 ôá−1

−0.62 <∆λhhh < 0.74 SLHC, Lpp = 6000 ôá−1

∆λhhh ≡ λ/λSM−1
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
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ЯN
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Êîñìîëîãèÿ îãðàíè÷èâàåò ñóììó ìàññ íåéòðèíî
Âêëàä íåéòðèíî:
Íà÷àëî ôîðìèðîâàíèÿ ñòðóêòóð
Ãðàâèòàöèîííûå ïîòåíöèàëû â ýïîõó

ðåêîìáèíàöèè
Ïîëÿðèçàöèÿ CMB
Ïîçäíÿÿ ýâîëþöèÿ ñòðóêòóð
Ðàñøèðåíèå Âñåëåííîé

LRG+BAO+WMAP5+SNe

∑mν < 0.28 eV (95% CL)
0911.5291

CMB+LSS: Planck (2013?)

CMB+Hubble èçìåðåíèÿ

∑mν < 0.20 eV (95% CL)

0911.0976
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
ИI
ЯN
ИR

Ñòàíäàðòíàÿ ìîäåëü: óñïåõè è ïðîáëåìû

Êàëèáðîâî÷íûå ïîëÿ (âçàèìîäåéñòâèÿ): γ , W±, Z , g
Òðè ïîêîëåíèÿ ìàòåðèè: L =

(
νL
eL

)
, eR ; Q =

(
uL
dL

)
, dR , uR

Îïèñûâàåò
I âñå ýêñïåðèìåíòû ñ ó÷àñòèåì ñèëüíûõ è ýëåêòðîñëàáûõ
âçàèìîäåéñòâèé

Íå îïèñûâàåò

I Íåéòðèííûå îñöèëëÿöèè

I Áàðèîííàÿ àñèììåòðèÿ

I Ò¼ìíàÿ ìàòåðèÿ (ΩDM)

I Ò¼ìíàÿ ýíåðãèÿ (ΩΛ)

I Èíôëÿöèÿ: R2, RH†H, . . .

I CP-ïðîáëåìà â ÊÕÄ:
íåòðèâèàëüíàÿ òîïîëîãèÿ, . . .

I Èåðàðõèÿ êàëèáðîâî÷íûõ
ìàcøòàáîâ: íåò íîâûõ

I Êâàíòîâàÿ ãðàâèòàöèÿ

ôèçèêà ÷àñòèö îáúÿñíÿåòñÿ ôèçèêîé íà ìàñøòàáå

äîëæíà îáúÿñíÿòü ýòî E ∼ 1/
√

GN ∼ 1019 ÃýÂ ?
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�Íàøè� Íîáåëåâñêèå ïðåìèè çà ñëåäóþùèå 20 ëåò. . .
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ЯN
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Îòñóòñòâèå àíòèâåùåñòâà

Óñëîâèÿ Ñàõàðîâà óñïåøíîãî
áàðèîãåíåçèñà

B (or L)-íàðóøåíèå

C- & CP-íàðóøåíèÿ

ýòè ïðîöåññû íåðàâíîâåñíû �������������3He/H p

4He

2 3 4 5 6 7 8 9 101

0.01 0.02 0.030.005

C
M

B

B
B

N

Baryon-to-photon ratio η × 1010

Baryon density Ωbh2

D___
H

0.24

0.23

0.25

0.26

0.27

10−4

10−3

10−5

10−9

10−10

2

5
7Li/H p

Yp

D/H p
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×òî çàñòàâëÿåò ââåñòè �ò¼ìíóþ ìàòåðèþ�?

Àñòðîôèçè÷åñêèå äàííûå
I Íàáëþäåíèÿ çà îáúåêòàìè â ãàëàêòèêàõ
I Íàáëþäåíèÿ çà ñêîïëåíèÿìè ãàëàêòèê

Êîñìîëîãè÷åñêèå äàííûå
I Îáèëèå ñòðóêòóð â ñîâðåìåííîé Âñåëåííîé
I Êàðòèíà àíèçîòðîïèè ðåëèêòîâîãî èçëó÷åíèÿ
I Íàáëþäåíèå çà êîñìîëîãè÷åñêè óäàë¼ííûìè îáúåêòàìè
(äàëåêî=äàâíî)

I Ñàõàðîâñêèå îñöèëëÿöèè âî âçàèìíîì ïîëîæåíèè óäàë¼ííûõ
ãàëàêòèê
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Èçìåðåíèå ñêîðîñòåé îáúåêòîâ â ãàëàêòèêàõ

Ýôôåêò Äîïïëåðà

ω = ω0
1 +

υïðè¼ìíèê

câîëí â ñðåäå

1− υèñòî÷íèê
câîëí â ñðåäå

Ðåëÿòèâèñòñêîå îáîáùåíèå

ω = ω0

√
1− υ2

c2

1 + υ

c cosθ

θ � óãîë ìåæäó íàïðàâëåíèåì íà èñòî÷íèê

è åãî ñêîðîñòüþ ~υ

Ïîçâîëÿåò íàéòè ñêîðîñòü âðàùåíèÿ âíå

çàâèñèìîñòè îò ñêîðîñòè öåíòðà âðàùåíèÿ!
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Çâ¼çäû è îáëàêà õîëîäíîãî ãàçà â ñïèðàëüíûõ ãàëàêòèêàõ
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Ò¼ìíîå ãàëî ãàëàêòèê: ïîëîãèå �êðèâûå âðàùåíèÿ�

v(R) =

√
G

M(R)

R

M(R) = 4π

∫ R

0
ρ(r)r2dr

1 kpc= 103 ïàðñåê =

3.3 òûñ.ñâ.ëåò

íàáëþäåíèÿ: v(R)' const

Âèäèìàÿ ìàòåðèÿ: âíóòðåííèå îáëàñòè v(R) ∝
√

R
âíåøíèå (�ïóñòûå�) îáëàñòè v(R) ∝ 1/

√
R
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Ñòðîåíèå Ìëå÷íîãî Ïóòè

ãàëî òàêæå ïîìîãàåò
ñòàáèëèçèðîâàòü ñòðóêòóðó
äèñêà . . .
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Ãðàâèòàöèîííîå ëèíçèðîâàíèå ÎÒÎ: α = 4GM/(c2 b)

~η =
Ds

Dl

~ξ −Dls~α
(
~ξ
)

îáû÷íàÿ ëèíçà
ñî ñïåöèôè÷åñêèì
êîýôôèöèåíòîì
ïðåëîìëåíèÿ

~α
(
~ξ
)

=
4G
c

∫ ~ξ −~ξ ′∣∣∣ξ −~ξ ′∣∣∣2 d2
ξ
′
∫

ρ

(
~ξ ′,z

)
dz

Êðåñò Ýéíøòåéíà

èñòî÷íèê: êâàçàð Ds = 8 ìëðä.ñâ.ëåò

ëèíçà: ãàëàêòèêà Dl = 0.4 ìëðä.ñâ.ëåò
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Ò¼ìíàÿ ìàòåðèÿ â öåíòðå ñêîïëåíèé ãàëàêòèê

ãðàâèòàöèîííîå ëèíçèðîâàíèå âîññòàíîâëåíèå ëèíçû ïî èçîáðàæåíèþ
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Ò¼ìíàÿ ìàòåðèÿ â ñêîïëåíèÿõ ãàëàêòèê
X -ëó÷è îò ãîðÿ÷åãî ãàçà èç öåíòðîâ ñêîïëåíèé

∆P
∆R

=−µne(R)mp
GM(R)

R2 , M(R) = 4π

∫ R

0
ρ(r)r2dr , P(R) = ne(R)Te(R)

ãàëàêòèêè â ñêîïëåíèÿõ
ãàëàêòèêè âèðèàëèçîâàíû,

U + 2Ek = 0

3M〈υ2
r 〉= G

M2

R

υr � ïðîåêöèÿ ñêîðîñòè íà ëó÷

çðåíèÿ

Ãàëàêòèêà Ìëå÷íûé ïóòü: äâèæåíèå ê öåíòðó ñâåðõñêîïëåíèÿ Äåâû
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Ñòîëêíóâøèåñÿ ñêîïëåíèÿ (Bullet cluster) 1E0657-558

Ãðàâèòàöèîííîå ëèíçèðîâàíèå Ðåíòãåíîâñêîå èçëó÷åíèå
M ' 10×m

ïðèâåä¼í ìàñøòàá â 700 òûñ.ñâ.ëåò

ñêîïëåíèÿ óäàëåíû íà ðàññòîÿíèå 5 ìëðä.ñâ.ëåò
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Äàííûå èç êîñìîëîãèè

0.0 0.5 1.0

0.0

0.5

1.0

1.5

2.0

F
la
tBAO

CMB

SNe

No Big Bang

îöåíêà ìàññû â ãàëàêòèêàõ, ñêîïëåíèÿõ è
äðóãèõ ñòðóêòóðàõ

ïîïðàâêè ê çàêîíó Õàááëà : ñâÿçü ìåæäó
êðàñíûì ñìåùåíèåì è êðèâûìè áëåñêà äëÿ
�ñòàíäàðòíûõ ñâå÷� (SNe Ia)

àíèçîòðîïèÿ ÐÈ, ðàñïðîñòðàí¼ííîñòü
ñòðóêòóð (BAO, è äð.)

ρ
ïëîòíîñòü
ýíåðãèè (t0)≡ ρc ≈ 0.53×10−5 ÃýÂc2

ñì3

âêëàä ÐÈ: Ωγ ≡
ργ

ρc
= 0.5×10−4

Âêëàä áàðèîíîâ (âîäîðîä, ãåëèé): ΩB ≡ ρB
ρc

= 0.046

Âêëàä íåéòðèíî: Ων ≡
∑ρνi

ρc
< 0.01

Âêëàä ò¼ìíîé ìàòåðèè: ΩDM ≡ ρDM
ρc

= 0.23
Âêëàä ò¼ìíîé ýíåðãèè: ΩΛ ≡ ρΛ

ρc
= 0.73
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Ñâîéñòâà ò¼ìíîé ìàòåðèè

Åñëè íîâûå ÷àñòèöû (X ):
1 ñòàáèëüíûå íà êîñìîëîãè÷åñêèõ âðåìåíàõ (t � 14 ìëðä. ëåò)
2 íåðåëÿòèâèñòñêèå (èíà÷å ïîêèíóò ãàëàêòèêè!
Ìëå÷íûé ïóòü: vX ∼ vçâ¼çäû ∼ 10−3 c ' 300 êì/ñ )

3 (ïî÷òè) áåññòîëêíîâèòåëüíû
4 (ïî÷òè) ýëåêòðè÷åñêè íåéòðàëüíû

(êâàíòîâîå!) óñëîâèå ëîêàëèçàöèè â ãàëàêòèêàõ:

âîëíà äå Áðîéëÿ äëÿ áîçîíîâ
λ = h/(MXvX), λ .Lãàëàêòèêà −→ MX & 3×10−22 ýÂ/ñ2

äëÿ ôåðìèîíîâ
ïðèíöèï Ïàóëè: 1 ñîñòîÿíèå ≤ 1 ÷àñòèöà MX & 750 ýÂ/ñ2

f (p,x) =
ρX(x)

MX

· 1(√
2πMXvX

)3 ·e
− p2

2M2
Xv2

X

∣∣∣∣∣
p=0

≤gX

h3
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Àñòðîôèçèêà è êîñìîëîãèÿ

1 ×àñòèöû ò¼ìíîé ìàòåðèè (ìîäåëü)

2 Îòêðûòèå ÷àñòèö ò¼ìíîé ìàòåðèè (íå ãðàâèòàöèÿ)

3 È/Èëè ìîäèôèöèðîâàííàÿ ãðàâèòàöèÿ

4 Ìåõàíèçì áàðèîãåíåçèñà. . . ?

5 ãðàâèòàöèîííûå âîëíû

6 ðåëèêòîâûå ãðàâèòàöèîííûå âîëíû

7 èíôëÿöèÿ â ðàííåé Âñåëåííîé

8 ïîñëåèíôëÿöèîííûé ðàçîãðåâ?
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Êàíäèäàòû â ÷àñòèöû ò¼ìíîé ìàòåðèè

WIMPs (íåéòðàëèíî, . . . ) Íàòóðàëüíîå, íî ïî÷åìó òÿæ¼ëîå???

ñòåðèëüíûå íåéòðèíî Óâû: Íå seesaw !!!

àêñèîí

ãðàâèòèíî, àêñèíî Âåñüìà ñèëüíî îãðàíè÷åíû

Òÿæ¼ëûå ðåëèêòû Åñëè íåñòàáèëüíû, òî UHECRs ???

Çåðêàëüíûå áàðèîíû Â îñíîâíîì â ò¼ìíûõ çâ¼çäàõ

(Òîïîëîãè÷åñêèå) äåôåêòû

Massive Astrophysical Compact Halo Objects

Ïåðâè÷íûå ÷¼ðíûå äûðû (îñòàòêè)
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Ò¼ìíàÿ ìàòåðèÿ: Ïðÿìûå ïîèñêè

WIMPs (íåéòðàëèíî, . . . )
ýíåðãèÿ îòäà÷è, (LHC, Baksan, PAMELA, . . . )

ñòåðèëüíûå íåéòðèíî ëèíèÿ: νs→ νa + γ , (XMM, INTEGRAL,
. . . )

ë¼ãêîå ñêàëÿðíîå ïîëå

àêñèîí êîíâåðòàöèÿ a + B→ γ

ãðàâèòèíî, àêñèíî ïîòåðÿ ýíåðãèè & LHC, . . .

Òÿæ¼ëûå ðåëèêòû åñëè íåñòàáèëüíû: êîñìè÷åñêèå ëó÷è

Çåðêàëüíûå áàðèîíû Ops-Ops', n-n' îñöèëëÿöèè

(Òîïîëîãè÷åñêèå) äåôåêòû ëåíçèðîâàííèå ÐÈ

Massive Astrophysical Compact Heavy Objects
ìèêðîëèíçèðîâàíèå

Ïåðâè÷íûå ÷¼ðíûå äûðû (îñòàòêè?) êîñìè÷åñêèå ëó÷è
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×òî èíòåðåñíî îáúÿñíèòü?

Λ�M4
Pl ,M

4
W ,Λ4

QCD ?

ΩΛ 6= 0 ?

ΩB ∼ ΩDM ∼ ΩΛ ?
δT 2

CMB
T 2

CMB
∼∆B ∼ 10−10 ?

θGµνGλρεµνλρ , θ < 10−9 ?

me�mτ �mtop ?

. . .

Èåðàðõèÿ ìàñøòàáîâ âçàèìîäåéñòâèé MW �MPl ?

Êâàäðàòè÷íûå ðàñõîäèìîñòè � ñòàáèëüíîñòü ýëåêòðîñëàáîãî
âàêóóìà

105 1010 1015 MP1020
Μ,GeV

0.5

1

1.5

2

�!!!!
Λ

mH=126.3 GeV

mH=174 GeV
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